MicroRNAs and small interfering RNAs (siRNAs) are two classes of small regulatory RNAs derived from different types of precursors and processed by distinct Dicer or Dicer-like (DCL) proteins. During evolution, four Arabidopsis thaliana DCLs and six rice (Oryza sativa) DCLs (Os DCLs) appear to have acquired specialized functions. The Arabidopsis DCLs are well characterized, but those in rice remain largely unstudied. Here, we show that both knockdown and loss of function of rice DCL4, the homolog of Arabidopsis DCL4, lead to vegetative growth abnormalities and severe developmental defects in spikelet identity. These phenotypic alterations appear to be distinct from those observed in Arabidopsis dcl4 mutants, which exhibit accelerated vegetative phase change. The difference in phenotype between rice and Arabidopsis dcl4 mutants suggests that siRNA processing by DCL4 has a broader role in rice development than in Arabidopsis. Biochemical and genetic analyses indicate that Os DCL4 is the major Dicer responsible for the 21-nucleotide siRNAs associated with inverted repeat transgenes and for trans-acting siRNA (ta-siRNA) from the endogenous TRANS-ACTING siRNA3 (TAS3) gene. We show that the biogenesis mechanism of TAS3 ta-siRNA is conserved but that putative direct targets of Os DCL4 appear to be differentially regulated between monocots and dicots. Our results reveal a critical role of Os DCL4-mediated ta-siRNA biogenesis in rice development.
INTRODUCTION
MicroRNAs (miRNAs) and small interfering RNAs (siRNAs) are two types of noncoding RNAs that play fundamental roles in developmental regulation, epigenetic modifications, and viral defense (Kidner and Martienssen, 2005; Vaucheret, 2006) . miRNAs and siRNAs are very similar in their structural and functional features. Both are 21 to 24 nucleotides in length, with a 59 phosphate and a 39 OH, and both serve as sequence-specific regulators to guide target gene repression (Bartel, 2004) . However, they are produced from very different types of precursors (Bartel, 2004; Jones-Rhoades et al., 2006) . miRNAs originate from single RNA molecules that form imperfect local hairpin-like secondary structures (Lagos-Quintana et al., 2001; Lau et al., 2001; Lee and Ambros, 2001; Reinhart et al., 2002) . siRNAs are produced from either endogenous or exogenous long double-stranded RNAs (dsRNAs) with perfect complementarity (Zamore et al., 2000; Elbashir et al., 2001) .
Key components in the miRNA and siRNA biogenesis pathways are the Dicer or Dicer-like (DCL) proteins. Arabidopsis thaliana encodes four DCL proteins, and the rice (Oryza sativa) genome has six putative DCL proteins. Biochemical analysis has shown that Dicer activities producing 21-to 24-nucleotide siRNAs were present in a wheat germ system (Tang et al., 2003) . Further biochemical studies also revealed that DCL1 and DCL3 produce 21-and 24-nucleotide siRNAs, respectively, in Arabidopsis silencing pathways (Qi et al., 2005) . Although molecular and genetic analysis demonstrated that At DCL4 was predominantly involved in the biogenesis of 21-nucleotide transacting siRNAs (ta-siRNAs), virus-induced siRNAs, and transgenic siRNAs, direct biochemical evidence is lacking (Vazquez et al., 2004; Allen et al., 2005; Gasciolli et al., 2005; Xie et al., 2005; Yoshikawa et al., 2005) . Genetic analysis in Arabidopsis has revealed both specialized and overlapping functions of Dicer proteins (Fahlgren et al., 2006; Henderson et al., 2006) . DCL1 is required for the maturation of miRNAs, and dcl1 lossof-function mutants show pleiotropic developmental defects (Park et al., 2002; Reinhart et al., 2002; Schauer et al., 2002; Kurihara and Watanabe, 2004) . All four DCLs appear to be involved in siRNA biogenesis either with specific, redundant or partially compensatory and antagonistic roles reflecting the complexity of siRNA production Gasciolli et al., 2005; Yoshikawa et al., 2005; Bouche et al., 2006; Henderson et al., 2006; Margis et al., 2006) . DCL2 is involved in the processing of 22-nucleotide siRNAs derived from Turnip crinkle virus and 24nucleotide siRNAs derived from natural antisense transcript pairs under salt stress (Borsani et al., 2005) . DCL3 is involved in the biogenesis of 24-nucleotide siRNAs that are derived from endogenous repeated sequences associated with heterochromatin or silenced transgenes . Neither dcl2 nor dcl3 shows developmental defects in Arabidopsis.
DCL4 is responsible for the processing of 21-nucleotide ta-siRNAs that are required for normal plant development (Vazquez et al., 2004; Allen et al., 2005; Gasciolli et al., 2005; Xie et al., 2005; Yoshikawa et al., 2005) . ta-siRNAs are endogenous and a plant-specific class of siRNAs. The biogenesis of ta-siRNAs requires both DCL1 and DCL4 activities in Arabidopsis (Vazquez et al., 2004; Yoshikawa et al., 2005) . Transcripts from TRANS-ACTING siRNA (TAS) genes are cleaved by DCL1-processed miRNAs, and the cleavage products are stabilized by SUPPRES-SOR OF GENE SILENCING3 (SGS3) and then amplified by RNA-DEPENDENT RNA POLYMERASE6 (RDR6) to generate dsRNAs that are further processed by DCL4 into ta-siRNAs Yoshikawa et al., 2005; Axtell et al., 2006) .
Mutations in DCL4 result in slightly elongated, downwardcurled rosette leaves and accelerated juvenile-to-adult vegetative phase change in Arabidopsis, suggesting a specific role of the DCL4-mediated ta-siRNA pathway (Gasciolli et al., 2005; Xie et al., 2005; Adenot et al., 2006; Fahlgren et al., 2006) . Several TAS gene families in Arabidopsis have been identified (Vazquez et al., 2004; Rajagopalan et al., 2006; Howell et al., 2007) . However, the juvenile-to-adult phase transition is only suppressed by At TAS3 ta-siRNAs through negative regulation of Auxin Response Factor3 (ETT/ARF3) and ARF4 in Arabidopsis (Adenot et al., 2006; Fahlgren et al., 2006; Garcia et al., 2006; Hunter et al., 2006) . Moreover, the weak dcl4 phenotype can be enhanced by overexpression of nontargeted ARF3 (ARF3mut) in the rdr6 mutant, resulting in further acceleration of phase change and severe developmental defects of leaves and floral organs (Fahlgren et al., 2006) .
By contrast with the well-characterized DCL proteins in Arabidopsis, little is known about their action in any other plants. Previously, we demonstrated that knockdown of Os DCL1, like Arabidopsis dcl1, caused pleiotropic phenotypes in rice due to a failure of miRNA metabolism (Schauer et al., 2002; Liu et al., 2005) . However, phylogenetic analysis suggested that the functional diversification of DCLs occurred before the divergence of monocots and dicots ;200 million years ago Margis et al., 2006) . Therefore, it is possible that during evolution, rice and Arabidopsis DCLs might have acquired distinct functions in small RNA biogenesis and/or plant development for each species.
Here, we analyze the role of DCL4 in rice and compare it with that of DCL4 in Arabidopsis. Biochemical and genetic analyses demonstrate that Os DCL4 generates 21-nucleotide siRNAs in vitro and is responsible for 21-nucleotide siRNA production derived from inverted repeat transgenes and TAS3 ta-siRNA biogenesis, indicating the fundamental similarity of the ta-siRNA pathways between rice and Arabidopsis. By contrast, loss of function of Os DCL4 leads to vegetative developmental defects and severe disruption of spikelet organ identity, resulting in sterility, revealing a much broader role for Os DCL4 in development than for its Arabidopsis counterpart. Furthermore, we identify an endogenous mRNA with a long fold-back structure that could be processed by Os DCL4 into 21-nucleotide siRNAs, supporting the hypothesis that miRNA genes are evolved from inverted duplication of target genes (Allen et al., 2004) , thus providing further evidence for an evolutionary link between siRNA and miRNA.
RESULTS

Knockdown of Os DCL4 Results in Abnormal Spikelet Morphology
In other organisms, RNA interference (RNAi) has been used successfully to study the components involved in the RNAi pathway (Dudley et al., 2002; Kim et al., 2005) . To determine the role of Os DCL4 encoded by Os 04g43050 in small RNA biogenesis and rice development, 15 individual transgenic plants expressing an inverted repeat of Os DCL4 (DCL4IR) were generated (Liu et al., 2005) . During reproductive development, the basic branching architecture of the panicle in DCL4IR transformants was normal except for the absence of certain spikelets in the lower part of the rachis ( Figures 1A and 1B) . A spikelet, the basic morphological unit of the rice inflorescence, contains a pair of empty glumes and a pair of bract-like structures named the lemma and the palea, which function like sepals of other plants (Schmidt and Ambrose, 1998; Ferrario et al., 2004; Prasad et al., 2005) ( Figure 1C ). Compared with wild-type plants ( Figure 1C ), spikelet organ identity was greatly disrupted in the DCL4IR transformants (Figures 1D to 1F) . Three typical phenotypes from weak to strong were observed, including a slight opening between the lemma and the palea ( Figure 1D ) and the lemma being partially or completely degenerated to the awn (Figures 1E and 1F) . Moreover, the empty glumes and the rudimentary glumes were separated in DCL4IR transformants (Figures 1D to 1F) instead of being close together, as in the wild-type control ( Figure  1C ). As a result, the strong loss-of-function transgenic plants ( Figure 1F ) were sterile and only two weak loss-of-function plants could produce seeds for further genetic analysis ( Figure 1D ). The offspring from the weak loss-of-function plants ( Figure 1D ) showed the expected 1:3 segregation of normal to abnormal phenotype. When 41 T1 plants from two individual transgenic lines were examined, the abnormal phenotype cosegregated with the DCL4IR transgenes ( Figure 1G ). Previously, we showed that Os DCL4 mRNA levels were reduced but those of the other DCLs were not in DCL4IR transformants (Liu et al., 2005) . Therefore, we conclude that the significant reduction or loss of function of Os DCL4 caused abnormal spikelet morphology in rice and that the phenotypic variations could be due to variable RNAi efficiency within individual spikelets.
Identification of an Os dcl4 Recessive Mutant
By searching for mutants with similar phenotypes to the strong DCL4IR loss-of-function transformants, we isolated a natural mutant from rice strain L16S of the indica variety background ( Figure 2A ). In this mutant, full-length DCL4 mRNA was not detectable by RT-PCR ( Figure 2B ). Sequence analysis showed that DCL4 mRNA is composed of 26 exons and encodes a polypeptide with 1657 amino acids (Figures 2C and 2D) . DNA sequencing of Os DCL4 from the natural mutant revealed a 1428-bp deletion corresponding to the promoter, the 59 untranslated region, and the leading 72 bp in the first exon of the gene ( Figure 2D ). We thus named the natural mutant dcl4-1.
To confirm that the abnormal spikelet phenotype in dcl4-1 was caused by loss of function of Os DCL4, we introgressed dcl4-1 into indica variety 9311 with two backcrosses. The F1 plants displayed a normal phenotype, and in the F2 progeny, segregation at a ratio of ;1:3 (660:2175) between mutant and wild-type plants was observed. The abnormal phenotypes cosegregated with dcl4-1 homozygotes when 660 F2 plants were examined, indicating that the lesion causing abnormal spikelet phenotypes was tightly linked to the Os DCL4 locus.
Os dcl4 Mutants Undergo Abnormal Juvenile and Adult Vegetative Development
Vegetative development in rice consists of three stages: juvenile (one to two leaves), intermediate (three to five leaves), and adult (six leaves to flowering) (Itoh et al., 2005) . The transitions between these stages are gradual (Asai et al., 2002) . During the juvenile stage, dcl4-1 mutants displayed abnormal coleoptiles and leaf phenotypes compared with wild-type plants ( Figure 2E ). In the wild type, the first two leaves were rolled up inside the coleoptile or the first leaf sheath to form a cone ( Figure 2E , left panel). However, dcl4-1 mutants produced radialized coleoptiles, and the first and second leaves were not enclosed by the coleoptile or the first leaf, respectively ( Figure 2E , right panel, top). With lower (5 to 10%) frequency, severe phenotypes were observed, including development of the first leaf into a threadlike structure ( Figure 2E , right panel, bottom). By the intermediate stage, nearly normal leaf phenotypes of dcl4-1 plants were observed, except that leaves were shorter than those of the wild type ( Figure 2F ). In the mature stage, dcl4-1 mutant plants appeared semidwarfed in stature (see Supplemental Figure 1 online).
For further anatomical analyses of the coleoptiles and the first leaf sheaths, we made transverse sections of the wild type and dcl4-1 at 3.5 d after germination (DAG). In the wild type, the coleoptile formed a circle with the two vascular bundles opposite each other on either side ( Figure 2G , left panel). In addition, wildtype coleoptiles displayed adaxial/abaxial polarization, with ;10 layers of differentiated mesophyll cells between the adaxial and abaxial epidermises ( Figure 2G , left panel). In contrast with the coleoptiles of wild-type plants, the coleoptiles of dcl4-1 plants lacked the two vascular bundles ( Figure 2G , right panel, top). In addition, the shapes of the sheath and margins of the mature first leaves were different between the wild type and dcl4-1. In the wild type, the sheath is fully developed with multiple vascular bundles, and the margin of the sheath is pointed and membranous (Itoh et al., 2005) . The first leaves of dcl4-1 mutants displayed a reduced number of vascular bundles and abnormally thick margins ( Figure 2H , right panel, top). In some severe dcl4-1 mutants, single vascular bundles were observed from thread-like leaves ( Figure 2H , right panel, bottom).
Moreover, transverse sectioning analysis also revealed the adaxial/abaxial polarity alteration in both coleoptiles and the first leaves in dcl4-1 ( Figures 2G and 2H ). In wild-type coleoptiles, abaxial and adaxial surfaces had distinct epidermal cells. The abaxial epidermal cells were relatively small and arranged densely, whereas the adaxial epidermal cells were rectangular in shape and arranged into a smooth surface ( Figure 2G , left panel). By contrast, the adaxial epidermis of dcl4-1 developed into an irregular shape ( Figure 2G , right panel, top), and part of the adaxial epidermis displayed abaxial characteristics, especially in those severe mutants ( Figure 2G , right panel, bottom). In addition, typical adaxial epidermal cells of the first leaves are present in the wild type; however, the adaxial epidermis of dcl4-1 mutants partial or fully transformed into densely arranged abaxial epidermis ( Figure 2H , right panel). These observations indicate that Os DCL4 plays an important role in the adaxial/abaxial polarization of the coleoptiles and the first leaves.
Lemma Polarity Is Disrupted in Os dcl4 Mutants
In the reproductive stage, the lemma and palea of the rice DCL4IR transformants and dcl4-1 mutants showed severe abnormalities. We determined the stage of onset of these abnormalities using scanning electron microscopy (Itoh et al., 2005) (E) and (F) Phenotypes of dcl4-1 in the juvenile vegetative stage. Seedlings of the wild type (left panels) and dcl4-1 (right panels) at 3.5 DAG (E) and 8 DAG (F). Co, coleoptile; 1 to 3, first, second, and third leaves. (G) and (H) Anatomy of wild-type and dcl4-1 coleoptiles (G) and first leaf sheaths (H) at 3.5 DAG. In the right panels of dcl4-1, the top and bottom plants represent the majority and some thread-like leaves of dcl4-1 plants, respectively. Abe, abaxial epidermis; Ade, adaxial epidermis; Me, mesophyll; Vb, vascular bundle. Bars ¼ 200 mm.
( Figure 3 ). We did not observe clear developmental differences between DCL4IR transformants and wild-type plants during stages Sp1 to Sp6 (Figures 3A to 3F; data not shown). The lemma of DCL4IR transformants elongated ectopically during Sp7 (the stage at which the carpel forms and stamens differentiate into filaments and anthers) ( Figures 3G and 3H ). During Sp8, the apical part of the lemma in the DCL4IR transformants tended to become a needle-like awn and the inner reproductive organs were not enclosed by the lemma and palea as they were in wildtype plants ( Figures 3I and 3J) .
During the heading stage, the wild-type lemma showed shaggy abaxial ( Figure 3K ) and smooth adaxial ( Figure 3L ) epidermis. By contrast, the lemma of dcl4-1 developed into a radial abaxialized awn ( Figure 3M , left panel), with the whole epidermis displaying abaxial characteristics ( Figure 3M , right panel). This observation indicated that the polarity of the lemma was completely disrupted in dcl4-1.
Os DCL4 Provides the Main Dicer Activity for Generating 21-Nucleotide siRNAs
The unique phenotype of the dcl4-1mutant prompted us to analyze the role of Os DCL4 in small RNA biogenesis. Previously, we showed that knockdown of Os DCL4 in DCL4IR plants did not affect miRNA biogenesis (Liu et al., 2005) . This result was confirmed by analysis of rice carrying the dcl4-1 null allele. Therefore, the abnormal phenotype is not due to defects in miRNA accumulation (see Supplemental Figure 2 online). Because direct biochemical evidence for DCL4 protein activity in plants is lacking, we performed a biochemical analysis for DCL4 activity in rice. Using protein extracts from young flowers or 30-d-old callus as enzyme sources and the dsRNA of the b-glucuronidase (GUS) gene as substrate, both 21-and 24-nucleotide siRNAs could be detected when hybridized with sense ( Figure 4A , top panel) and antisense ( Figure 4A , bottom panel) RNA probes, indicating that Dicer-like activities generating 21-and 24-nucleotide siRNAs exist in both rice tissues tested. By comparing the Dicer-like activities in the extracts from young flower tissues of wild-type and dcl4-1 plants, we found that extract from dcl4-1 could produce 24-nucleotide siRNAs with reduced 21-nucleotide siRNAs ( Figure 4B ). This result provides direct biochemical evidence that efficient 21-nucleotide siRNA production in rice requires DCL4.
Os DCL4 Is Required for the Production of 21-Nucleotide siRNAs
It is well established that overexpression of an inverted repeat often leads to transgene silencing associated with the production of 21-, 22-, and 24-nucleotide siRNAs (Mette et al., 2000) . To examine the specific role of Os DCL4 in siRNA biogenesis, we studied small RNAs corresponding to the inverted repeat region of the Os DCL4IR transgene ( Figure 5A , top, left panel). The 22and 24-nucleotide siRNAs, but not the 21-nucleotide siRNAs, were easily detected in the DCL4IR transformants ( Figure 5B , left panel). To determine whether the absence of 21-nucleotide siRNAs in the DCL4IR transformants is a general phenotype, a transgenic line containing an inverted repeat of the PHYTO-CHROMOBILIN SYNTHASE (PSIR) gene was crossed into DCL4IR transformants ( Figure 5A ). The resulting F1 plants containing both DCL4IR and PSIR transgenes were examined. siRNAs derived from the PSIR inverted repeat with lengths of 21, 22, and 24 nucleotides were all detected in the PSIR lines ( Figure 5B , middle panel). The 21-nucleotide PSIR siRNAs, but not the 22-and 24-nucleotide PSIR siRNAs, were almost eliminated in the PSIR lines carrying DCL4IR ( Figure 5B , right panel). We conclude that the production of the 21-nucleotide siRNAs in rice requires Os DCL4 function ( Figure 5 ).
Conserved Biogenesis Mechanism of TAS3 ta-siRNAs between Monocots and Eudicots
In pursuing the candidate target genes downstream of Os DCL4, we took a whole genome approach to compare transcript profiles in the young inflorescences of wild-type Nipponbare and DCL4IR transformants (Ma et al., 2005 ) (see Supplemental Table 1 online ). An Auxin Response Factor gene from rice (Os ARF, Os 01g48060) showed upregulation in the DCL4IR transformants. The closest homologous gene, ARF3 in Arabidopsis, is a direct target of TAS3 ta-siRNAs Adenot et al., 2006; Fahlgren et al., 2006; Garcia et al., 2006; Hunter et al., 2006) . Phylogenetic analysis indicated that TAS3 is conserved between Arabidopsis and rice Williams et al., 2005) . In order to test whether Os DCL4 plays a role in ta-siRNA biogenesis in rice, we first analyzed the sequences of Os TAS3 (CI412792) to confirm that Os TAS3 ta-siRNAs exist in rice ( Figure 6A ). By comparing consecutive 21-nucleotide-long sequences 59 to the miR390 directed cleavage point, we were able to identify two pairs of highly homologous 21-nucleotide-long sequences between Arabidopsis and rice, the At TAS3 59D7(þ) versus the Os TAS3 59D6(þ) and the At TAS3 59D8(þ) versus the Os TAS3 59D7(þ), which indicated that Os TAS3 59D6(þ) and 59D7(þ) are bona fide ta-siRNAs ( Figures 6A and 6B) .
To determine whether any DCLs play a role in ta-siRNA biogenesis in rice, we compared the expression levels of Os TAS3 ta-siRNAs between DCL1IR and DCL4IR transformants and wild-type Nipponbare controls. Levels of Os TAS3 59D6(þ) ta-siRNAs were substantially reduced in both the DCL1IR and DCL4IR transformants ( Figure 6C, left panel) . Consistent with impaired Os TAS3 59D6(þ) ta-siRNA biogenesis in the DCL4IR transformants, dcl4-1 also displayed decreased expression of Os TAS3 ta-siRNAs ( Figure 6C, right panel) , indicating that the Os DCL4 activity is required for the biogenesis of ta-siRNAs in rice and that the ta-siRNA biogenesis mechanism is conserved between monocots and eudicots.
Os DCL4 Regulates Multiple Os ARF Genes
Computational and experimental methods have identified and validated ARF2, ARF3, and ARF4 as targets of TAS3 ta-siRNA regulation in Arabidopsis Williams et al., 2005) . Sequence comparison analysis identified four close homologs of Arabidopsis ARF3 and one homolog of Arabidopsis ARF2 in rice (Williams et al., 2005) (Figure 7A ). Among these, the four ARF3 homologs contained two putative target sites for both Os TAS3 59D6 (þ) and Os TAS3 59D7(þ) ta-siRNAs ( Figure 7B , Os 01g48060 as an example), while the ARF2 homolog (Os 01g70270) had only one target site for Os TAS3 59D6(þ) and Os TAS3 59D7(þ) ta-siRNAs.
Transcript levels of the five Os ARF genes in dcl4-1 and wildtype 9311 were compared at 6 DAG and at inflorescence stage 7 (the floral organ differentiation stage) (Itoh et al., 2005) . The expression level of Os 01g54990 was upregulated by about fourfold in seedlings and inflorescences of dcl4-1( Figure 7C , left panel). The transcripts of Os 05g43920, Os 01g48060, and Os 05g48870 were upregulated by about twofold in seedlings and inflorescences of dcl4-1 ( Figure 7C , middle three panels). The expression of the Arabidopsis ARF2 homolog Os 01g70270 was not changed significantly ( Figure 7C, right panel) . The differences in expression between individual Os ARF genes regulated by Os TAS3 ta-siRNAs may be related to the developmental regulation of Os DCL4 function.
Endogenous 21-Nucleotide siRNAs Derived from an Imperfect Inverted Repeat of AK120922 Are Processed by Os DCL4
In our microarray analysis, a unique transcript (AK120922) (Kikuchi et al., 2003) showed threefold higher expression in DCL4IR transformants compared with that of the wild type. AK120922 is a rice-specific sequence that has no conserved homolog in currently available genome sequences of any other species. The transcript of AK120922 can form a hairpin-like structure with a number of mismatches, which is structurally similar to known miRNA precursors or putative transitional RNA genes (containing a long fold-back structure with very few mismatches) ( Figure 8A ) (Allen et al., 2004) .
To confirm that the increased transcript levels of AK120922 resulted from loss of function of Os DCL4, RNA gel blot analysis was performed using a probe corresponding to the entire top arm of the inverted repeat region of AK120922 (Figures 8A and 8B ). As expected, the level of the full-length AK120922 was increased in DCL4IR and dcl4-1 plants compared with the wild-type controls, indicating that AK120922 was indeed processed by Os DCL4 in wild-type plants.
As shown in Figure 8A , 21-and 22-nucleotide small RNAs that have been cloned previously and identified as Os miR436 (Sunkar et al., 2005a) and P7-E5 siRNA (Sunkar et al., 2005b) , respectively, may originate from the AK120922 fold-back region. Data from the small RNA Massively Parallel Signature Sequencing database (http://mpss.udel.edu/rice/) revealed that large amounts of small RNAs were generated from the AK120922 transcript (see Supplemental Figure 4 online) (Nobuta et al., 2007) . In order to determine whether the small RNAs derived from AK120922 were miRNAs or siRNAs, small RNA gel blots were used to examine their accumulation in DCL1IR and DCL4IR transformants and in the dcl4-1 mutant ( Figure 8C ). We found that expression of 21-nucleotide small RNAs corresponding to the top arm of the inverted repeat region was eliminated in DCL4IR transformants and dcl4-1 but not in the wild-type Nipponbare, the DCL1IR transformants, or the L16S rice strain (the wild-type control for dcl4-1). Similar results were also obtained when a different probe for that region was used (the top arm of the inverted repeat region that does not overlap the Os miR346 region). Interestingly, when a more sensitive lock-modified DNA (LNA) probe corresponding to the small RNA of Os miR436 was used, 21-nucleotide siRNAs appeared to be reduced in DCL4IR and dcl4, while the levels of 22-and 24-nucleotide siRNAs were not changed ( Figure 8C ). This result demonstrates the specificity of Os DCL4 in the production of 21-but not 22-or 24-nucleotide siRNAs. By contrast, the expression level of Os miR168 was reduced in DCL1IR but not DCL4IR transformants. Our results suggest that the small RNAs derived from AK120922, including the previously reported Os miR436, are siRNAs, unless they are redefined as special miRNAs produced by Os DCL4 .
DISCUSSION
The role of RNA silencing in plant development has been the focus of much recent research activity. miRNAs generated by DCL1 are known to regulate the expression of numerous key developmental genes (Jones-Rhoades et al., 2006) . Our previous work indicates that Os DCL1 is exclusively responsible for miRNA biogenesis, and lesions in Os DCL1 cause pleiotropic developmental defects similar to Arabidopsis dcl1 mutants (Liu et al., 2005) . ta-siRNAs processed by DCL1 and DCL4 activities are involved in leaf development in Arabidopsis. This study describes the role of Os DCL4 in rice, showing its biochemical functions to be conserved with Arabidopsis, but with a much broader role in developmental regulation.
Os DCL4 Loss-of-Function Rice Mutants Display Phenotypes Distinct from Their Arabidopsis Counterparts
Here, we demonstrate that Os DCL4 is the main, if not sole, enzyme that generates 21-nucleotide siRNAs in vivo. We also prove that Os DCL4 is responsible for the production of the 21-nucleotide siRNAs derived from inverted repeat transgenes and endogenous ta-siRNAs. Although the ta-siRNA biogenesis mechanism is conserved between monocots and eudicots, rice DCL4IR transformants and dcl4-1 mutants display severe lateral organ polarity defects in contrast with Arabidopsis dcl4 mutants.
In Arabidopsis, dcl4 mutants display inconspicuous leaf changes, including downward-curled rosette leaves and increased ratio of length to width, as well as accelerated juvenile-to-adult vegetative phase changes indicated by the appearance of trichomes on the abaxial epidermis in leaves (Gasciolli et al., 2005; Xie et al., 2005; Yoshikawa et al., 2005; Adenot et al., 2006; Fahlgren et al., 2006) . By contrast, the rice dcl4-1 mutants display abnormal coleoptiles in which the two vascular bundles are undeveloped. Furthermore, the first leaves of dcl4-1 plants have a reduced number of vascular bundles and abnormally thick margins and even form thread-like leaves with abaxialized epidermis and single vascular bundles ( Figure 2H ). These phenotypes of dcl4-1 resemble phenotypes caused by the ectopic expression of KANADI, a member of the GARP-type transcription factor in Arabidopsis, which results in abaxialized cotyledons and inhibits the formation of vascular bundles (Eshed et al., 2001; Kerstetter et al., 2001) . In the reproductive stage, the lemmas of dcl4-1 mutants develop into awn-like organs with abaxialized epidermis and spikelet organ identity is disrupted, resulting in sterility. While other regulatory pathways, in addition to that including TAS3, may be involved in regulating leaf polarity, the extent to which the different pathways are used may vary between different organs.
The most obvious defects of lemma in dcl4-1 indicate that the TAS3-containing pathway plays a critical role in the determination of lemma polarity. Recently, Nagasaki et al. (2007) have independently reported that the Os DCL4 (also known as SHOOT ORGANIZATION1)-mediated ta-siRNA pathway regulates the critical step of shoot apical meristem formation during rice embryogenesis. In conclusion, loss-of-function mutations of Os DCL4 cause severe developmental defects in rice but not in Arabidopsis. The striking phenotypes of dcl4-1 rice mutants indicate the essential role of Os DCL4 in siRNA biogenesis for rice development, especially for normal lateral organ polarity.
Involvement of the siRNA Pathway in Leaf Polarity Control in Different Plant Species
In Arabidopsis, the protein-coding genes ASYMMETRIC LEAVES1 (AS1) and AS2 and the ta-siRNA-encoding TAS3 gene redundantly regulate leaf polarity (Garcia et al., 2006; Kidner and Timmermans, 2007) . Mutations in neither TAS3 nor AS1 show obvious defects. Only double mutants between as1 and the ta-siRNA pathway show enhanced leaf-patterning defects (Garcia et al., 2006) . Here, we demonstrate that dcl4 single mutants develop severe lateral organ polarity defects, implying that the ta-siRNA pathway plays a critical role in the development of adaxial/ abaxial leaf polarity in rice. Similarly, leafbladeless (lbl1) is the maize (Zea mays) homolog of Arabidopsis SGS3, and severe lbl1 mutants also develop radially symmetric, thread-like leaves and exhibit (C) Accumulation of Os TAS3 ta-siRNAs in DCL1IR, DCL4IR transformants, and dcl4-1 as revealed by RNA gel blot analysis. Nipponbare was used as a control for DCL1IR and DCL4IR transformants; L16S was the wild-type control for dcl4-1. Os miR168 and 5S/tRNA stained with ethidium bromide were used as loading controls in the middle and bottom panels, respectively. a completely abaxialized epidermis (Timmermans et al., 1998; Juarez et al., 2004; Nogueira et al., 2007) . The comparison of obvious phenotypes of dcl4 in rice and lbl1 in maize with their Arabidopsis counterpart reinforces the idea that polarity pathways vary in their importance in different plant species (Kidner and Timmermans, 2007) . Although we do not know whether the rice AS1 homolog (Os AS1) acts in proximal/distal patterning, like ROUGH SHEATH2 in maize, or in adaxial/abaxial patterning, like AS1 in Arabidopsis, from the distinct phenotypes of Os dcl4 and At dcl4, we would predict that the ta-siRNA pathway may not be (C) Quantitative RT-PCR analysis of the expression of the five putative target genes of Os TAS3 ta-siRNAs in wild-type 9311 rice and dcl4-1. The expression levels of the assayed genes were normalized according to the expression value of Os EF-1a, and the expression from wild-type 9311 was set to 1.0. Error bars indicate SD. Seedling, the aerial part of plants at 6 DAG; In7, inflorescence in the floral organ differentiation stage. Os 01g54990, Os 05g43920, Os 01g48060, Os 05g48870, and Os 01g70270 were previously named ARF3-likeB, ARF3-likeA, ARF3-like2, ARF3-like1, and ARF2-like, respectively (Williams et al., 2005). directly coupled with Os AS1 to redundantly regulate lateral organ polarity. Therefore, loss of function of Os DCL4, the major component ta-siRNA pathway, leads to severe developmental defects in rice.
TAS3 ta-siRNA, ARF3/4-LIKE Genes, and Lateral Organ Polarity
ARFs such as the ta-siRNA targets that are negatively regulated by TAS3 ta-siRNAs play a role in lateral organ polarity determination in Arabidopsis (Pekker et al., 2005) . Overexpression of a modified ETT cDNA in which TAS3 ta-siRNA target sites were mutated (35S:ETTAB) produced a higher frequency of aberrant phenotypes than did overexpression of a wild-type ETT cDNA (35S:ETT), indicating that a higher ectopic expression level of the TAS3 ta-siRNA target correlates with the severity of the abnormal phenotypes (Hunter et al., 2006) . In maize, four ARF3/ARF4-like target genes of TAS3 ta-siRNA have also been identified, although only ARF3a has been experimentally validated to be a target (Nogueira et al., 2007) . Phylogenetic analysis reveals that ARF3/ARF4-like genes have been duplicated, resulting in four Os ARF genes highly related to ARF3/ARF4 in rice (Williams et al., 2005) . In this work, we demonstrate that all four Os ARF genes are also upregulated in rice dcl4, similar to the regulation of their homologs in Arabidopsis, whereas the distinct phenotypes of (A) Diagrammatic representation of the fold-back structure of AK120922 RNA and the sequence alignment of the fold-back double-stranded sequences. Probes used in the RNA gel blot hybridization are underlined in different colors: red for probe 1, green for probe 2, and blue for probe 3. Probe 1 covers probe 2 and probe 3. Probe 3 represents the region previously identified as miR436. The previously identified siRNA P7-E5 is located within probe 2 and labeled in red. (B) RNA gel blot analysis of the expression levels of AK120922 in DCL4IR transformants and dcl4-1 using probe 1. nt, nucleotides. (C) AK120922-related siRNAs in DCL1IR transformants, DCL4IR transformants, and dcl4-1. Probe 1 and probe 2 were 32 P-labeled transcripts, and probe 3 was a specific LNA nucleotide probe. dcl4 mutants hint that the functional divergence of ARFs and/or variation in their downstream genes would be another possible explanation for the abnormal defects in Os dcl4.
Relationship between Endogenous siRNAs Derived from Inverted Repeats and miRNAs in Plants
In this study, we identified an endogenous RNA, AK120922, that was upregulated in loss-of-function rice dcl4 mutants. The AK120922 transcript can form an inverted repeat structure similar to miRNA precursors. It has been proposed that miRNA genes evolved from the inverted duplication of target genes (Allen et al., 2004) . During evolution, the duplicated genes would evolve from the original inverted repeat with a perfect match to transitional genes (containing a long fold-back structure with very few mismatches) and miRNA genes (Allen et al., 2004) . Recently, this hypothesis was experimentally validated in Arabidopsis Fahlgren et al., 2007) . In rice, AK120922 contains all of the features of transitional genes, and the 21-nucleotide siRNAs generated from the double-stranded region of AK120922 are dependent on Os DCL4 but not Os DCL1. This discovery supports the existence of a third class of small RNAs either transitional between siRNA and miRNA or a novel miRNA that depends on DCL4.
Unlike miRNA genes, these loci with long inverted repeats are not conserved in plants . The lack of conservation at the sequence level and the diversity of these loci in plants may partially explain why loss of function of DCL4 in Arabidopsis and rice resulted in distinct phenotypes.
METHODS
Plant Materials
Rice (Oryza sativa) subsp japonica (Nipponbare) and indica (L16S, 9311) plants were used in this study. The DCL4IR and DCL1IR transformants were in the Nipponbare background (Liu et al., 2005) . Nipponbare was used as the wild-type control of DCL4IR and DCL1IR transformants. The dcl4-1 mutant was identified from an indica variety, L16S, and introgressed into 9311 by backcross. 9311 was used as the wild-type control of dcl4-1. The molecular markers used to PCR genotype the dcl4-1 mutation were as follows: P1 (CX1240, 59-CAGACGGTGTATGTAA-CACC-39) and P2 (CX1794, 59-CGGACTCCAAGACGCAATATGT-39) for the wild type, with a predicted size of 637 bp; and P1 and P3 (CX1335, 59-TTGCGATCACCACAGCTTGC-39) for dcl4-1 and the wild-type, with predicted sizes of 1.6 and 3 kb, respectively ( Figure 2D ). To map the dcl4-1 mutant, every 10 plants with mutant phenotypes were pooled, and 66 pools were obtained from 660 F2 populations. Genomic DNA was extracted from each pool as a template for PCR-based genotyping.
Tissue Collection
Young inflorescences enclosed in sheaths were collected from plants grown in the field, frozen in liquid nitrogen immediately after harvest, and preserved in a À808C refrigerator for RT-PCR, RNA gel blot analysis, and microarray hybridization. For biochemical analysis, inflorescences of ;4 cm in length were collected from the field. Callus tissues were induced from embryogenic calli on Murashige and Skoog medium with 2 mg/L 2,4-D for 30 d before harvesting. Seedlings were grown on Murashige and Skoog medium with a daylength of 16 h and a night of 8 h at 258C.
Histological Analysis
The coleoptiles and first leaves of 3.5-DAG seedlings were fixed overnight with 2% glutaraldehyde and 1% paraformaldehyde. Tissues were dehydrated in a graded ethanol series, then transferred to propylene oxide and embedded in Spurr's resin (SPI-CHEM). Microtome sections at 3 mm were stained with 0.5% toluidine blue and observed with a light microscope (Olympus BX51 plus DP70).
Rice Oligonucleotide Array
The rice 70-mer oligonucleotide microarray was used in this study as described previously (Jiao et al., 2005; Ma et al., 2005) .
RNA Isolation, Probe Labeling, and Microarray Hybridization
Rice inflorescences (;4 to 8 cm in length) were frozen in liquid nitrogen, and total RNA was isolated using RNAwiz reagent (Ambion) and purified with the RNeasy kit (Qiagen). For each sample, 100 mg of total RNA was labeled with aminoallyl-dUTP (Sigma-Aldrich) by reverse transcription. The aminoallyl-dUTP-labeled cDNAs were purified using a Microcon YM-30 filter (Millipore) and resuspended in 0.1 M NaHCO 3 . The purified cDNAs were further fluorescently labeled by conjugating monofunctional Cy3 or Cy5 dye (Amersham) to the aminoallyl functional groups. Two independent biological replicates were performed with a dye swap. After coupling at room temperature for 1 h, the labeling reaction was stopped by ethanolamine. The labeled probes were separated from unincorporated dye using the QIAquick PCR purification kit (Qiagen) and concentrated with a Microcon YM-30 filter. The protocols for microarray hybridization, microarray slide washing, and array scanning were as described previously (Ma et al., 2005) . Hybridized slides were scanned with a GenePix 4000B scanner (Axon), and independent TIFF images for Cy3 and Cy5 channels were used for subsequent analysis.
Microarray Data Processing
After manual removal of spots with aberrant morphology, microarray spot intensity signals were acquired using the Axon GenePix Pro 5.0 software package without correction for background, and each slide included two groups of intensity data corresponding to Cy5 and Cy3 channels. We first removed the dye effect on each slide using the LOWESS normalization method, which was applied to log 2 -transformed mutant versus wild-type expression values with two-sample hypothesis and equal variation assumptions. Subsequently, quartile normalization was applied to the LOWESS-normalized microarray data to remove biases among slides. For detection of differentially expressed spots between mutant and wildtype rice panicles, the normalized data were log 2 -transformed and fitted into a mixed-effect analysis of variance model with the software MAANOVA under an R environment. After multiple testing between pair-wise comparisons, spots with false discovery rate-corrected P < 0.05 were regarded as differentially expressed genes.
dsRNA Synthesis
A 568-bp PCR fragment was produced from the GUS gene using the sense primer CX1415 (59-GAAGATCTGGTATCAGCGCGAAGTCT-39) and the antisense primer CX1416 (59-CCGCTCGAGTTCATAGAGATAACC-39). The PCR fragment was cloned into pGEM-T Easy vector (Promega) for in vitro transcription. Both sense and antisense RNA transcripts produced by T7 RNA polymerase were equally mixed and denatured at 1008C for 5 min and annealed at room temperature for 10 min. dsRNAs were purified from a 1% agarose gel to remove single-stranded RNAs.
Preparation of Protein Extract
The total protein extract was prepared as described previously (Qi et al., 2005) , and the protein concentration was adjusted to 2 mg/mL with exaction buffer (20 mM Tris-HCl, pH 7.5, 4 mM MgCl 2 , 5 mM DTT, and 1 tablet/10 mL protease inhibitor cocktail from Roche) for the Dicer activity assay.
Dicer Activity Analysis
dsRNA (1 ng) was added to 30 mL of protein extract and 8 mL of 53 Dicer buffer (0.5 M NaCl, 5 mM ATP, 1 mM GTP, 6 mM MgCl 2 , 125 mM creatine phosphate, 150 mg/mL creatine kinase, and 2 units of RNasin RNase inhibitor from Promega) in a total volume of 40 mL (Qi et al., 2005) . The mixture was incubated at 308C for 2 h. The reaction was stopped by adding Trizol solution and precipitated with 4 volumes of ethanol. The precipitate was resolved on a 15% denaturing PAGE gel and transferred to a Bio-Rad Zeta-Probe GT nylon membrane for RNA gel blot analysis. The produced siRNAs were detected with 32 P-labeled RNA probe.
Phylogenetic Analysis
Full-length protein sequences were used for phylogenetic analyses. The sequences derived from 29 known or predicted Os ARF genes were found in The Institute for Genomic Research rice genome annotation database (http://www.tigr.org/tdb/e2k1/osa1/GeneNameSearch.shtml) using ''auxin response factor'' as the search query. The 23 highly related Os ARF protein sequences were used for alignments. The protein sequences of 23 ARF genes from ARF1 to ARF23 were downloaded from The Arabidopsis Information Resource database (http://www.Arabidopsis. org/index.jsp), referring to the locus numbers as listed previously (Remington et al., 2004) . Alignments of protein sequences were performed using ClustalX version 1.81 with default parameters (gap opening, 10.00; gap extension, 0.20; delay divergent sequences, 30%; DNA transition weight, 0.50) (see Supplemental Figure 5 online). A bootstrapping phylogenetic tree was constructed by the MEGA2 program with the Unweighted Pair Group Method and the Arithmetic Mean method. The number of bootstrap replicates was 1000.
RT-PCR and Real-Time PCR Analysis of Gene Expression
RT-PCR was performed as described previously to detect the expression of Os DCL4 (Liu et al., 2005) using primer pairs CX0758 (59-GGACTAGT-TACACGAACGTCCTCTTCTTTTGGTAGGT-39) and CX0857 (59-CGA-TGAGAGAACTTCGAGAGCT-39). The Os EF-1a gene was used as an internal loading control with the following primer pairs: CX1597 (59-GCA-CGCTCTTCTTGCTTTCACTCT-39) and CX1598 (59-AAAGGTCACCAC-CATACCAGGCTT-39).
Real-time PCR analysis was performed to measure transcript levels using the system reported previously (Deng et al., 2007) . PCR was performed using hot-start Taq DNA polymerase (TaKaRa Taq Hot Start version; Code DR007B). For each sample, quantifications were made in triplicate. Melt curves were read at the end of each amplification by steps of 0.38C from 65 to 958C to ensure that the quantifications were derived from real PCR products and not primer dimers. Specific gene expression was normalized to the internal control gene Os EF-1a using the primers just described; the gene expression value of the wild type was used as a control and set at 1.0. For each target gene, primer pairs were as follows: for Os 05g48870, CX1548 (59-GTGATACAGACCCTATGTGGCAT-39) and CX1549 (59-TTACTCGCATCGCTGGAGCAACT-39); for Os 01g48060, CX1540 (59-TTGGAAGCAGAGAGGCAGATCCAA-39) and CX1541 (59-AGGAAA-ACCCAGGGTTTCCACTT-39); for Os 01g54990, CX2259 (59-AAAGGCTT-CAACACCTGGGA-39) and CX2260 (59-GGCTCATAACTAGGTCTAGA-39); for Os 05g43920, CX2261 (59-TGAAGAGCCTGAACCATCCA-39) and CX2262 (59-TTGGTTCGCTTAGACCCAGA-39); and for Os 01g70270, CX2263 (59-TCGATGGTGAATTGGTGTCT-39) and CX2264 (59-AGACTCCATGC-GATCTACCT-39).
RNA Gel Blot Analysis
Total RNAs were extracted using Trizol solution from the young panicles of rice and dissolved in RNase-free water. Small RNAs were enriched by adding the same volume of 8 M LiCl and centrifuging at 12,000 rpm for 30 min at 48C. RNA filter hybridizations were performed as described previously (Liu et al., 2005) . The templates for transcript probes 1 and 2 were amplified from rice genomic DNA by PCR with the following primers: for probe 1, CX0761 (59-TCGTAGTAACTGTCGTCCACGA-39) and CX0762 (59-AAAGGCACTACTGATGGCAGGA-39); for probe 2, CX0761 (59-TCG-TAGTAACTGTCGTCCACGA-39) and CX1443 (59-AGAGATTCTAAAG-GACGCT-39). The PCR products were then cloned into T-Easy vector under the control of the T7 promoter, and the templates for transcription of the RNA probes were linearized by PCR with the following primers: for probe 1, M13 (59-GTAAAACGACGGCCAG-39) and CX0762; for probe 2, M13 and CX1443. Probe 3 was end-labeled with LNA (59-GGAGA-AAGTGcAcTCTcTCA-39; lowercase letters represent LNAs) (TaKaRa) (Valoczi et al., 2004) . Probe for Os TAS3 ta-siRNA was end-labeled with LNA (59-GTGGGTCTTACAaGgTcAaGAA-39; lowercase letters represent LNAs). To prepare RNA probe for PSIR, the template was amplified from the RNAi vector using primer CX1947 (59-CCCTCCCAGGAAAAGTTCA-39) and primer CX1948 (59-CCAAGTTCAGGGATATGAGCA-39). DCL4IR probe was prepared as described previously (Liu et al., 2005) . Endlabeled oligo DNA probe (59-GTCCCGATCTGCACCAAGCGA-39) was used to detect Os miR168.
Accession Number
The cDNA sequence for Os DCL4 was deposited in the GenBank data library under accession number EU009924.
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